We present a theoretical investigation of the interaction of intrinsic localized modes with plasmons. The anharmonic localized modes for a 1D diatomic lattice are determined using a two-body potential which describes the interactions among particles in a zinc-blende structure material. The localized mode frequency is inside the gap between acoustic and optical phonons. Calculations have been performed for GaN because it has a large phonon gap, can be highly n-doped, and the plasma frequency of free carriers is in the range of phonon and intrinsic localized mode frequencies. To study the coupling we add to the equations of motion an electric field to simulate the plasmon. Solving the system we obtain the dynamical displacements pattern from which we evaluate the total polarization. From the polarization we determine the frequency of the combined mode for which the dielectric function is zero. In this investigation we have analysed both the case of small localized mode amplitudes and the case of larger amplitudes, obtaining different behaviour. In the first case the mixed mode has a frequency above the top of the optical branch, which can be explained in terms of the theory of the harmonic dielectric response of polar lattice vibrations. In the second case the coupled mode exists only for a finite slab, and its frequency is inside the phonon gap.
Introduction
In recent years anharmonic effects of the interaction potential among atoms in crystals have been studied extensively. In particular great attention has been devoted to the existence of modes which are highly localized in space due to the presence of anharmonicity: the intrinsic localized modes (ILMs).
The study of vibrations of diatomic chains with realistic potentials, which include anharmonicity to all orders, demonstrates that the ILMs appear only in the gap between the acoustic and the optical phonon branches [1] [2] [3] [4] [5] [6] [7] . For a 3D diatomic system, it has also been shown that the use of the full potential gives rise to ILMs inside the gap [8] . Recently ILMs due to anharmonicity have been observed in crystalline arrays of charged linear chains of PtCl by resonant Raman scattering [9] . Intrinsic localized spin modes have been generated and detected in quasi-1D biaxial antiferromagnets in the spin wave gap [10] .
In this work we present a study of the coupling of intrinsic localized modes in doped polar semiconductor with plasmons.
We use a simplified model set up with a diatomic 1D anharmonic chain. This model contains the main features of the 3D problem (existence of the phonon gap, different masses, different intra-and inter-cells anharmonic interactions) without the numerical complexity of the full 3D approach. As a test case we choose the 1D model derived from the 111 direction of the 3D zinc-blende structure of GaN. We evaluate the total polarization and the dielectric function of the coupled system obtaining a different behaviour for small amplitudes (A 0.1) and for larger amplitudes (A > 0.1). 
Model and numerical procedure
To determine the ILM of the GaN semiconductor in the zincblende structure along the 111 direction, we have used a 1D chain with two alternating masses, where the light atom of N is taken at the origin of the unit cell. The N atom is strongly bonded to the heavy Ga atom of the same unit cell, which in turn is weakly bonded to the previous N atom. The potential of Zapol et al [11] , containing a repulsive exponential part and an attractive Coulomb part, constructed to match bulk properties of the 3D GaN, was used to describe the strong interaction; the weak interaction was modelled by the same form of the potential, but with different parameters of the long range Coulomb interaction. The parameters were chosen to reproduce the longitudinal acoustic (LA) and optical (LO) phonon branches in the 111 direction. The main limitation of this 1D model is that transverse vibrations cannot be included explicitly.
Considering nearest neighbours interactions, the equation of motion of the particle at the lattice site l in presence of an electric field E due to the plasmon is
where u l is the displacement of the atom l and
is the interaction potential of neighbouring atoms. m l is the mass of the atom at site l. The prime means a partial derivative with respect to the atomic displacements. Z * is the effective charge of the atoms of the semiconductor and E is an alternating electric field which describes the interaction with the electronic plasma oscillation.
We have firstly determined the ILMs by setting the electric field equal to zero and using the rotating wave approximation (RWA), considering nonlinear oscillators which oscillate in time with a frequency ω. To apply the RWA to equation (1) we have Fourier transformed the potential, retaining the zero order term and the first order term in cos(ωt), following the procedure suggested by Kiselev et al [4] . We are looking for stationary solutions of the type
where a 0 is equal to 1 Å and A is the maximum amplitude of the mode; the normalized vibrational amplitude ξ l and the static displacement φ l are time independent. Because of the absence of a centre of symmetry in the chain, the solutions cannot be classified as even or odd. We have labelled the solution as quasi-even and quasi-odd, following the symmetry of the displacement pattern of the light atoms sublattice. Substituting equation (2) in (1) and making the RWA we obtain a system of coupled nonlinear algebraic equations. To solve this system, we have used a routine based on the Newton scaled gradient method, starting from a guess solution, such as for the displacements of the quasi-odd solution (ξ 0 = 1,
The routine then determines the solution through an iterative procedure. One atom is then added to each end of the chain and the calculation of the displacements is repeated. The iterative procedure is continued up to more than 400 atoms. The addition at step n of two atoms acts as a perturbation on the chain. If the iterative perturbation does not destroy the mode, we have considered the mode to be stable.
Coupling with plasmons
To analyse the effect of the coupling with the electronic plasma oscillation on the ILM found, we have introduced an electric field E which depends on the concentration n 0 of free carriers due to donors. We started from the first Maxwell equation
and from the charge-current continuity equation
where v is the electron velocity.
for a longitudinal mode ( k v and k E) at the Fermi energy and at the plasma frequency ω p
we have obtained the desired relation between electric field E 0 and the concentration n 0 of free carriers due to donors:
where 0 is the vacuum dielectric constant, ∞ is the dielectric constant at frequencies high compared to the optical phonons frequencies, and m * is the effective mass of the free carriers. Having evaluated the intrinsic localized modes which are located in the gap of the semiconductor, we have switched on the electric field E = E 0 cos(ωt) and used the ILM displacements already found as guess solutions.
The electron effective mass m * depends on the energy. Experiments and theoretical calculations [12] [13] [14] for highly n-doped GaN (n 0 ∼ 10 18 -10 20 cm −3 ) give values in the range 0.12 m 0 -0.27 m 0 , where m 0 is the electron mass. The theoretical effective masses are calculated at Fermi energy, as in our model. Theoretical calculations of Persson et al [14] prove that at Fermi energy the effective mass of electrons in intrinsic and highly doped GaN is almost the same, while at the bottom of the conduction band there is a large variation. We have chosen the experimental value 0.22 m 0 as the preferred guess, but we have analysed the full range from 0.12 m 0 to 0.27 m 0 to investigate the dependence of the coupling between the ILM and plasmon on the effective electron mass. We have studied two different cases: very low amplitudes of the quasi-odd gap ILM (A 0.1), where we expected to be consistent with the harmonic phonon-plasmon coupling case, and larger amplitudes ( A > 0.1), where we expected that nonlinearity effects be dominant.
In both cases we have evaluated the total dynamical polarization
where N is the number of unit cells, u + i and u − i are the dynamical displacements of the positive and negative ions, respectively, of the i th cell, and V is the volume of the crystal.
In the harmonic limit for the optical phonons of long wavelength, the dipole moments of the various unit cells are in phase and all equal, and depend on the electric field, so that the dielectric function (ω) turns out to be
where V 0 is the volume of the unit cell, µ is the reduced mass of the atoms in the unit cell, and ω max is the maximum frequency of the optical phonons. The zero of the dielectric function (ω) gives the frequency of the combined longitudinal mode, that we call ω L :
Results
We start by evaluating the intrinsic localized mode solving equation (1) without the electric field. For small values of the amplitude, the localized mode is spread over some tens of atoms and has a frequency located in the gap, but very close to the bottom of the optical branch. For larger amplitudes the frequency is well below in the gap and only a few atoms are involved in the motion, as one can see in the upper panel of figure 1 , where the dynamical displacement pattern for an amplitude A = 0.3 is drawn. For increasing amplitudes the ILMs become more localized, i.e. the frequencies of the ILMs, always lying in the gap, move toward the acoustic branch, and the number of atoms involved falls in number.
We then solve equation (1) in presence of the electric field, using the displacement pattern previously found for the ILM as a guess solution. Calculations of the frequencies of the ILMs have been performed for an amplitude A = 0.03 versus the free electron densities in the range n 0 ∼ 10 17 -10 20 cm −3 , corresponding to plasma frequencies in the range from 100 to 3000 cm −1 for the experimental effective electron mass 0.22 m 0 . The higher densities part is presented in figure 2 , for the different effective mass values considered in the numerical calculations. One sees that, at high donor densities, the effect of the electric field is to enhance the frequency of the mode over the top of the optical branch. The relative displacement of the ions in the unit cell is the same for all the cells of the crystal as for the optical phonons of long wavelength, and gives rise to an ionic polarization opposite to the electric field applied.
The frequency of the combined mode which corresponds to the coupled mode of the ILM and the plasmon is obtained by solving (ω) = 0. This is done numerically. By using equation (9), we evaluate the polarization P and the dielectric function (ω). The frequency that fulfils P = − 0 E is the frequency of the combined mode that we are seeking. In figure 2 the arrows indicate the densities of donors which fulfil the condition (ω) = 0 for different values of the effective electron mass and the value of amplitude A = 0.03. All the effective electron masses taken into account give the same combined frequency 772.6 cm −1 , which is close to the exact value ω L = 772.3 cm −1 obtained from equation (11) and evaluated using the second order force constants derived from our full potential. In conclusion, in the case of small anharmonicity the mixed mode pattern and frequency are mainly determined by the plasmon normal mode.
For large anharmonicity (A 0.1) the combined mode has a frequency always in the gap. We have tested this for a frequency of the plasmon in the range from 100 to 3000 cm −1 . The numerical calculations presented here have been performed in the most interesting range of the plasmon frequency, i.e. in the phonon gap and just above the top of the optical vibrational branch. For each value of amplitude A, appropriate minimum and maximum values of the plasmon frequency around the ILM frequency, which decreases with increasing A, have been chosen in the above-mentioned range.
In the lower panel of figure 1 we have drawn the combined mode for A = 0.3. Notice that near the reference atom 'zero' the structure of the ILM, as depicted in the upper panel in absence of coupling with plasmon, is clearly visible. On the left and on the right of the reference atom, the cell polarizations are positive, small but all identical. For an infinite chain the negative polarization associated to the ILM being spread over a few cells does not contribute significantly to the polarization of the infinite system. In this case the polarization of the chain is always positive, as well as the dielectric function, and the condition (ω) = 0 cannot be fulfilled. By cutting the tail on both sides of the reference atom, i.e. considering a finite chain, which in a 3D system should correspond to a slab, we can get a balance between the large negative contribution of the ILM to the polarization and the positive contribution of the uniform polarization of the other cells. This leads to the numerical fulfilment of the condition (ω) = 0.
Obviously by increasing the amplitude A, the ILM negative polarization term grows, and we need to increase the thickness of the finite chain to balance it. We found, for example, that for amplitude A = 0.5, for ndoping concentration <10 19 cm −3 , corresponding to plasmon frequency near the ILM frequency 455 cm −1 , for the experimental effective mass 0.22 m 0 , the condition (ω) = 0 is verified to within 5% of accuracy for a number of cells ranging from 100 to 300. On increasing the amplitude A the width of the ILM decreases, but the contribution to polarization, due to the increased relative displacement between atom n = 0 and atom n = −1, becomes larger, and the number of cells needed to fulfil the condition (ω) = 0 increases up to 1000 for the largest value of A considered, i.e. A = 1.0.
Conclusions
In this paper we have studied the existence of new dynamical vibrational modes generated by the interaction of an ILM and a plasmon in a diatomic chain, with alternating masses and interactions representing the 111 direction of the GaN crystal in zinc-blende geometry. The intrinsic modes are lying in the vibrational gap of the semiconductor since we are describing the interaction with a full potential. High concentrations of donors in the semiconductor produce an electron gas which can oscillate with a frequency in the range of phonon and ILM frequencies, either in the gap or above the phonon optical branch. In this way we can study the interaction of the ILM with a plasmon with the frequency in a large range of values. We have solved numerically the equations of motion of the chain in the presence of the electric field associated with the plasmon. From the displacement pattern we have derived the polarization of the combined system. The zero of the dielectric function gives the frequency of the combined mode.
For small amplitudes (A 0.1) the coupled mode is above the top of the phonon frequencies. The electric field depends on the effective mass of the electron gas and on the donor concentration, but the frequency of the coupled mode at fixed amplitude A is the same and is consistent with the frequency ω L evaluated using the second order force constants derived from our full potential.
For larger amplitudes (A > 0.1), the ILM behaviour dominates the coupling with the plasmon and the frequency of the mode remains in the gap. For an infinite crystal the mode does not fulfil the vanishing of the dielectric response. However, considering donor densities corresponding to a plasma frequency in the gap, the combined mode exists for a finite chain, whose length increases with the amplitude A.
